Abstract Methyl vinyl ketone (MVK) is a key first-generation product from atmospheric isoprene photo-oxidation, especially under high-NO x conditions. In this work, acidcatalyzed reactions of gas-phase MVK with ammonium sulfate (AS), ammonium bisulfate (ABS), and sulfuric acid (SA) particles were investigated in a flow reaction system at relative humidity (RH) of 40 % and 80 %. Ultra-performance liquid chromatography with electrospray ionization time-of-flight mass spectrometry (UPLC/ESI-TOFMS) and gas chromatography-mass spectrometry (GC-MS) are utilized to identify particle-phase products for developing the reaction mechanisms. High-order oligomers such as dimers and tetramers were detected when ABS and SA particles were used, while no oligomeric products were found when AS particles were used. Particle-phase oligomeric products were formed via i) acid-catalyzed aldol reaction with or without dehydration and/or ii) acid-catalyzed hydration followed by oligomerization. Reactions on SA particles yield more abundant and higher- order oligomers up to hexamers than on ABS particles. Moreover, aldol reaction occurred only on SA particles, but hydration followed by oligomerization occurred in both ABS and SA particles. The high RH condition with the same type of acidic particles was found to favor hydration and facilitate the subsequent oligomerization, while the low RH condition with the same type of acidic particles was found to favor aldol reaction with dehydration (aldol condensation). Overall, the findings suggest acidic particles can facilitate the formation of high-order oligomers in the particle phase, with particle acidity and RH as key factors.
Introduction
Secondary organic aerosol (SOA) formation involves the gas-phase oxidation of volatile organic compounds (VOCs) and the subsequent nucleation/condensation of semi-volatile products (Kroll and Seinfeld 2008) . When considering only those SOA precursor VOCs that were studied in the laboratory up to about a decade ago, it was found that models tend to under-predict ambient SOA formation (de Gouw et al. 2005; Heald et al. 2005; Volkamer et al. 2006 Volkamer et al. , 2007 . Consideration of SOA formation from smaller precursor hydrocarbons such as isoprene, benzene and acetylene (Claeys et al. 2004; Martin-Reviejo and Wirtz 2005; Volkamer et al. 2009 ), of the role of particle-phase water content (Seinfeld et al. 2001; Pun et al. 2002; Hennigan et al. 2008; Liu and Zhang 2008) , and of the aging of SOA in the atmosphere (Rudich et al. 2007 ) helps account for some of the "missing" SOA. Nevertheless, the role of particle-phase chemistry, which affects the partitioning of VOCs and their oxidation products in the gas-particle interactions in SOA formation, remains one of the principal unknowns in SOA formation.
Particle-phase chemistry influences the volatility distribution of the oxidation products of VOCs and hence their partitioning in the description of SOA formation (Kroll et al. 2005; Pun and Seigneur 2007; Kroll and Seinfeld 2008; Chan and Chan 2011) . Particle-phase reactions are evidenced in a number of SOA formation studies, involving volatile carbonyl compounds such as formaldehyde (Jayne et al. 1996; Iraci and Tolbert 1997) , acetaldehyde (Michelsen et al. 2004) , acetone (Duncan et al. 1998 (Duncan et al. , 1999 Imamura and Akiyoshi 2000) , methacrolein (MACR) (Noziere et al. 2006; Chen et al. 2008; Chan et al. 2010 ) and methyl vinyl ketone (MVK) (Noziere et al. 2006; Chen et al. 2008) . In particular, the acidic medium in the particle phase is believed to act as a catalyst in particle-phase reactions of aldehydes, alkenes and epoxides etc (Jang and Kamens 2001; Liggio and Li 2008; Surratt et al. 2010) . Acid-catalyzed reactions, including aldol condensation, oligomerization, and organo-sulfate formation, can result in less-volatile products than those in the presence of neutral particles (Jang et al. 2002 (Jang et al. , 2004 Liggio et al. 2006; Liggio and Li 2008) .
Ambient aerosols have been found to be quite acidic in megacities (Pathak et al. 2004; Wang et al. 2012) . For example, the in situ pH of aerosols in Hong Kong was found to be 0.25, on annual average (Pathak et al. 2004) . The average pH of aerosols in four Chinese cities was −0.52, −0.77, −0.38, and 0.61 in Beijing, Shanghai, Lanzhou, and Guangzhou, respectively, during 2004-2006 summertime (Pathak et al. 2009 ). In Pittsburgh, the range of pH of aerosol was between −0.7 and 4 during the sampling period 7/9/2002-21/9/2002 (Zhang et al. 2007 ). The vast presence of acidic aerosols enhances SOA formation via the acid-catalyzed reactions.
As the single most abundant non-methane VOC in the atmosphere, isoprene is one of the important SOA precursors in the atmosphere (Carlton et al. 2009 ). Two important isoprene oxidation products under high-NO x conditions are MACR and MVK. The potential for MACR to contribute to organic aerosol formation under high-NO x conditions was established by Chan et al. (2010) and Surratt et al. (2010) . Surratt et al. (2010) show that MACR can contribute substantially to SOA formation via gas-phase oxidation under high-NO x conditions, where an important intermediate methacryloylperoxynitrate (MPAN) is formed and can condense into particles followed by particlephase reactions. Chan et al. (2010) also confirm this pathway for other MACR-like α, β -unsaturated aldehydes. Based on their chemical structures, it is expected that acidcatalyzed reactions are possible for MACR and MVK as each possesses one C=O bond and one C=C bond, which have been shown to be reactive under acidic conditions (Jang et al. 2004; Liggio and Li 2008) .
In this study, we investigate acid-catalyzed reactions of MVK at different acidities by changing the types of particles and varying RH. Gaseous MVK was exposed to several types of particles deposited on a hydrophobic film in a flow cell reactor. Sulfuric acid (SA) particles, partially neutralized ammonium bisulfate (ABS) particles, and fully neutralized ammonium sulfate (AS) particles were used to represent ambient particles of varying degree of neutralization. Ultra-performance liquid chromatography with electrospray ionization time-of-flight mass spectrometry (UPLC/ESI-TOFMS) and gas chromatography-mass spectrometry (GC-MS) were employed to identify particle-phase reaction products. Reaction pathways under different conditions are discussed based on product identification. Figure S1 (in the Supporting Material) shows a schematic diagram of the RH-controlled flow system (Li et al. , 2010 used to study gas phase MVK chemistry in the presence of acidic particles. After 24 h of exposure of the particles to the organic vapor, samples were collected for product identification. UPLC/ESI-TOFMS and GC-MS analysis were employed to characterize products formed via acid-catalyzed reactions with varying polarity. UPLC/ESI-TOFMS was used to detect molecular ions of relatively moderate polar compounds and provide chemical formulae. GC-MS was used to obtain structural information.
Experimental section

Reaction experiments
Three different types of inorganic compounds including ammonium sulfate (>99.0 wt %, Sigma-Aldrich), ammonium bisulfate (>99.5 wt %, Fluka) and sulfuric acid (98 wt %, Mallinckrodt Chemicals) were used in this study. Particles were generated from solutions of those inorganic compounds at a concentration of 0.15-0.2 M by a piezoelectric particle generator (MicroFab Tech., Inc.) . The generated particles were deposited onto a hydrophobic membrane (Model 5793, Yellow Springs Inc., OH) and equilibrated in the RH-controlled flow system at the desired RH (∼40 % or ∼80 %). The pH of particles at different conditions can be estimated by E-AIM (Wexler and Clegg 2002) . The estimated pH values at 40 % RH and 80 % RH of AS, ABS, and SA particles were 4.99 and 5.06, −1.96 and −0.36, and −2.09 and −0.87, respectively.
The particles were then exposed to the MVK vapor, which was generated by evaporating liquid MVK. The flow rate of liquid organic solution was controlled by a syringe pump (kdScientific, KDS-100), which was set at 0.03 ml/h. The gas phase MVK concentration was controlled by diluting the MVK vapor-laden air with a stream of purified air at controlled RH and monitored with a portable volatile organic compound (VOC) detector (Ion-science Inc., PhoCheck 5000+). The concentration of MVK was 50 ppm. It should be noted that a relatively high concentration was used to obtain sufficient products for characterization.
Sample extraction for UPLC/ESI-TOFMS analysis
The particles on the substrate were extracted by 2 ml of deionized water under ultrasonication (20 min). The samples were applied to a solid-phase extraction (SPE) cartridge (C-18 SEP-PAK cartridge, Waters) that had been preconditioned by 3 ml of H 2 O, 3 ml of acetonitrile (ACN) and then 3 ml of H 2 O again. Inorganic solutes were removed by washing the SPE cartridges with 2 ml of H 2 O. It is worth noting that more water-soluble organics such as organosulfates, if any, may also be washed away along with inorganic solutes. The organic compounds were eluted from the cartridges by 2 ml of ACN. The eluted solution was dried under a gentle nitrogen flow. The residue was reconstituted with 1 ml of solvent mixture which is 50:50 (v/v) methanol (LC-MS CHROMASOLV-grade, Sigma-Aldrich) with 0.1 % acetic acid (LC-MS CHROMASOLV-grade, Sigma-Aldrich) and water with 0.1 % acetic acid (LC-MS CHROMASOLV-grade, Sigma-Aldrich). An aliquot of 250 μl of the final mixtures was analyzed by UPLC/ESI-TOFMS, operated in both positive and negative ion modes. Details of the UPLC/ESI-TOFMS analysis are given in Surratt et al. (2008) .
Sample extraction for GC-MS analysis
The particles on the substrate were extracted by 2 ml of hexane/dichloromethane (4/1, v/v) under ultrasonication (20 min), and water was removed by adding anhydrous sodium sulfate, followed by filtration. The filtrates were then analyzed by gas chromatography mass spectrometry (GC-MS) with and without derivatization. The samples were derivatized by 50 μl of N, O-Bis (Trimethylsilyl) trifluoroacetamide (BSTFA) with 1 % trimethylchorosilane (TMCS, Sigma) and 25 μl of pyridine (Sigma) at 70°C for 1 h. GC-MS analysis was conducted on a Clarus 500 GC coupled with an ion trap mass spectrometer (Perkin-Elmer). The GC temperature program was as follows: isothermal hold at 40°C for 4 min; temperature ramp of 8°C/min up to 200°C; then second temperature ramp 20°C/min up to 300°C and isothermal hold at 300°C for 1 min.
Results and discussion
The UPLC/ESI-TOFMS and GC-MS data were utilized to identify the reaction products. The actual chemical formula of the reaction products was obtained from UPLC/ESI-TOFMS, while fragmentation information was obtained from the GC-MS. The results from both techniques show that oligomeric products were observed from reactions with acidic ABS and SA particles but not with AS particles. Based on identified products, two reaction pathways were proposed. They are i) acid-catalyzed aldol reaction with or without dehydration and ii) acid-catalyzed hydration followed by oligomerization. Their proposed reaction pathways are shown in Scheme 1, 2 and 3. Product identification and reaction pathways, and the effects of particle acidity on product formation will be discussed in details in the following sections.
Product identification-UPLC/ESI-TOFMS
Products having carbonyl or hydroxyl groups can be ionized via sodium adduct to give [M+Na] + (Li et al. 2011) in the positive ion mode, where M represents molecular compound. All accurate mass measurements were within ±5 mDa of the theoretical mass associated with the proposed chemical formula for each observed ion. The results showed high-order oligomers were formed when ABS and SA particles were used. Scheme 2 Proposed acid-catalyzed self-and cross-oligomerization pathways products were found for the reactions with AS, and in negative ion mode for the reactions with those three types of particles.
Product identification-GC-MS
GC-MS analysis was employed to structurally elucidate oligomeric components, and to obtain molecular ions if they were sufficiently stable to be found in appreciable abundance in the electron ionization (EI) mass spectrum (MS). Moreover, derivatization, prior to GC-MS analysis, was also performed to determine the presence of the hydroxyl group on the oligomers. The derivatizing reagent BSTFA was used, as it reacts with the hydroxyl group to form trimethylsilyl (TMS) derivatives (Yu et al. 1998; Jaoui et al. 2004) . Whether the compounds possess hydroxyl groups can be determined by comparing the results of the samples with and without derivatization. For example, if a product peak is retained at the corresponding retention time in the sample with and without derivatization, this product cannot be derivatized and is not expected to have any hydroxyl groups. It is possible that compounds with enol tautomers can form TMS derivatives during BSTFA derivatization although they are actually carbonyls. We used nonanal as a standard carbonyl compound for BSTFA derivatization but did not observe any TMS derivatives. Hence we believe that the formation of TMS derivatives is a good indication of the presence of hydroxyl group in the original compound. Due to the lack of available authentic standards, the reaction products were identified or tentatively identified by: 1) compiling the molecular ions information from UPLC/ESI-TOFMS analysis, 2) elucidating the structure from observed ions in EI mass spectra, 3) comparing the chromatogram and MS with and without derivatization samples to determine the presence of hydroxyl group and 4) formulating the structures of oligomers from the building unit MVK. MVK possesses two reactive sites, C=O and C=C, where accretion reactions can occur to give high order oligomers.
Aldol dimers
Products with molecular weight 140 amu and 122 amu were observed at 80 % RH and 40 % RH, respectively, when MVK reacted with SA particles. Products with molecular weight 140
Scheme 3 Acid-catalyzed hydration reaction a at the carbonyl group, b at the carbon-carbon double bond amu were proposed as aldol dimers (denoted as AD140), which were formed from aldol addition by two MVK molecules. The reaction pathway of aldol dimers formation from aldol addition can be referred to Scheme 1. Figure 1a shows the total ion chromatogram (TIC) of AD140 formed from MVK reacting with SA particles at 80 % RH. The derivatized result (Fig. 1b) suggests that these aldol dimers possess a hydroxyl group because the peaks at retention times (RT) of ∼12.02 and 12.28 min disappeared after derivatization. The extracted ion chromatogram (EIC) of corresponding derivatized AD140 is shown in Fig. 1c . The EI mass spectrum of the aldol dimer at RT 12.02 min can be found in Fig. 1d . The derivatized AD140 gave an ion peak at m/z 212, corresponding to [M+TMS] + (Fig. 1e) . Products observed at RT 12.02 and 12.28 min are isomers because of their similar MS ( Figure S2 ). In the following, only one representative MS of the oligomers will be discussed. The MS of all isomers are available in Supplementary Information (Figure S2-S5) .
At 40 % RH, the aldol dimers further underwent dehydration (aldol condensation) to form a product with a molecular weight 122 amu (denoted as AD122 and shown in Fig. 1f ) because removal of water molecules was favorable under low RH conditions. The reaction pathway of AD122 formation from aldol condensation is shown in Scheme 1. After aldol condensation, AD122 did not possess any hydroxyl groups and hence the corresponding peaks in the chromatogram (Fig. 1g) were retained after derivatization. Additional evidence is provided by the EI mass spectra without derivatization at RT 11.98 min (Fig. 1h ) the same as that with derivatization at RT 12.03 min (Fig. 1i ). These observations suggest that AD122 (and its isomer) are aldol condensation products without any hydroxyl groups. The interpretation of the fragment ions in the EI mass spectrum of AD140 and its TMS derivative are given in Scheme S1. The aldol dimers first release water molecules to form m/z 122, which then releases a methyl (CH 3 ) radical to form a seven-member ring ketone (m/z 107) where the positive charges can delocalize. The loss of CO (Chiavarino et al. 2006) and subsequent loss of H 2 (Budzikiewicz et al. 1993) (Yu et al. 1998) . Other observed ions m/z 197 and m/z 169 are attributed to the release of methyl radical and subsequent removal of ethene.
Aldol trimers
Products with molecular weight 192 amu were observed at 40 % RH when MVK reacted with SA particles. A suggested chemical formula from UPLC/ESI-TOFMS was C 12 H 16 O 2 . These products were proposed as aldol trimers (denoted as AT192), which are formed from two steps of aldol reaction, similar to previous observations for octanal ). The reaction pathway of AT192 formation is shown in Scheme 1. Figure 2a & b show the TIC of AT192 formed from MVK reacting with SA particles at 40 % RH and 80 % RH, respectively. The aldol trimers were found only at 40 % RH but not at 80 % RH. Again, the result suggests that the formation of aldol condensation products is more favorable at lower RH conditions. The derivatized result of aldol trimers (Fig. 2c) suggests AT192 possessing hydroxyl group since the peaks of their TMS derivatives are shifted to later retention time.
The EI mass spectrum of the AT192 is shown in Fig. 2d . The derivatized AT192 gave an ion peak at m/z 264, corresponding to [M+TMS] + (Fig. 2e) . The fragmentation pathways of AT192 and its TMS derivative are summarized in Scheme S2.The most abundant ion peak 122 in the mass spectrum of AT192 is proposed to form from the hydrogen rearrangement Finally the formation of ion peaks of m/z 77 and 79 followed the pathway proposed in Scheme S1. For the TMS derivatives of AT192 (m/z 264), the release of a methyl radical gives the ion at m/z 249. When the trimethylsilyl derivatizing reagent is used, the characteristic ion m/z 73 (TMS) (Yu et al. 1998 ) and ion at m/z 159 from the removal of TMOH (Szmigielski et al. 2007 ) are observed. Other observed ions m/z 236 and m/z 181 are attributed to the removal of ethene and subsequent typical fragmentation at the carbonyl group.
Dimers formed from oligomerization
Products with molecular weight 158 amu are observed at both 40 % RH and 80 % RH when MVK reacted with ABS and SA particles. A suggested chemical formula from UPLC/ESI-TOFMS is C 8 H 14 O 3 . These products were identified as dimers (denoted as D158) which were formed from oligomerization by joining two hydrated MVK (Scheme 2). It is found that the dimers possess hydroxyl group(s) because the retention times of the product peaks of dimers without derivatization (Fig. 3a) are smaller than those with derivatization (Fig. 3b) . The EI mass spectra of the derivatized products also suggest that there are two types of dimers, with one hydroxyl group (denoted as D158-1) and the other one with two hydroxyl groups (denoted as D158-2). These are functional isomers with the same molecular formulae of C 8 H 14 O 3 . The EI mass spectrum of D158-1 is shown in Fig. 3c . The derivatized D158-1 gave an ion peak at m/z 230, corresponding to [M+TMS] + (Fig. 3d) . The fragmentation pathways of D158-1 and its TMS derivative are proposed in Scheme S3. The D158-1 possesses an ether functional group, for which fragmentation typically occurs at the C-O bond and the C-C bond next to the ether (McLafferty and Turecek 1993) to give the m/z 71 and m/z 101 species, respectively. The other proposed pathway is that the dimers first lose a water molecule to form m/z 140 ion, followed by fragmentation at the carbonyl group to give an ion at m/z 97.
For the TMS derivatives of D158-1 (m/z 230), characteristic ions m/z 73 (TMS) (Yu et al. 1998 ) and 157 (M−73) + (Yu et al. 1998; Jaoui et al. 2006) were observed after derivatization using reagent BSTFA. The other possible fragmentation occurred at the carbonyl group to give an ion at m/z 187.
D158-2
The EI mass spectrum of D158-2 is shown in Fig. 3e . The derivatized D158-2 gave an ion peak at m/z 302, which corresponds to [M+TMS+TMS] + (Fig. 3f) . The fragmentation pathways of D158-2 and its TMS derivatives are proposed in Scheme S4. Similar to D158-1, fragmentation of D158-2 occurred at the C-O bond of the ether group and resulted in an ion peak at m/z 71. Another proposed fragmentation pathway is that to form ions at m/z 140, 115 and 97, as shown in Scheme S4. For the TMS derivatives of D158-2 (m/z 302), characteristic ions m/z 73 and 197 (M-TMSOH-CH 3 ) (Szmigielski et al. 2007 ) were observed. Another typical ether fragmentation gave an ion at m/z 143.
Tetramers formed from oligomerization
Products with molecular weight of 298 amu are observed at both 40 % RH and 80 % RH when MVK reacts with ABS and SA particles. A suggested chemical formula from UPLC/ESI-TOFMS is C 16 H 26 O 5 . They are identified as tetramers (denoted as T298). The reaction pathway of T298 formation is shown in Scheme 2. The tetramers possess hydroxyl groups because the corresponding peaks were shifted after derivatization (Fig. 4b) . The EI (Blank et al. 1999 ).
Reaction pathways
Two possible reaction pathways in the particle phase are proposed, including i) acidcatalyzed aldol reaction with or without dehydration (Scheme 1) and ii) acid-catalyzed hydration (Scheme 3) followed by oligomerization (Scheme 2) based on above identified products summarized in Table S1 .
Acid-catalyzed aldol reaction with or without dehydration
Under acidic conditions, the keto form of MVK is in equilibrium with its enol tautomer (Drexler and Field 1976) . The original keto form can then react with the enol by aldol addition to form an aldol dimer (AD140). The aldol dimer further reacts with an enol to form an aldol trimer (AT210). The aldol products undergo dehydration (aldol condensation) to form products with MW of 122 (AD122) and MW of 192 (AT192). The proposed aldol reaction pathways can be found in Scheme 1.
Acid-catalyzed hydration followed by oligomerization
MVK is an α, β-unsaturated carbonyl compound with two reactive sites, C=O and C=C, at either of which reactions can be initiated. Firstly, MVK reacts with water to form an alcohol via hydration under acidic condition. Since MVK has two reactive sites, the water molecules can attack the carbonyl group to form a diol (Scheme 3a) (Jang et al. 2003b) or the carboncarbon double bond to form a ketol (Scheme 3b).
The hydroxyl group (-OH) of a diol can react with another hydroxyl group of a diol to form a dimer by dehydration under acidic conditions (Jang et al. 2003a) . The formation of oligomeric products by reactions of two identical species (i.e., a diol) is classified here as self-oligomerization. Another possibility is that the hydroxyl group of the diol reacts with the hydroxyl group of the ketol to form a dimer, which is termed here as crossoligomerization. Under acidic conditions, dehydration reactions can further proceed to form higher-order oligomers through either self-or cross-oligomerization. The proposed self-and cross-oligomerization pathways to form higher-order oligomers are shown in Scheme 2. For simplicity, only one representative structure of each oligomer is given in the Scheme. It should be noted that isomers with the same molecular weight but different chromatographic retention time do exist.
Recent studies show that organosulfate formation is an important mechanism from chamber studies of glyoxal with sulfuric acid (Liggio et al. 2005) and terpene/isoprene photooxidation with acidic seeds ). More recently, organosulfates were identified in field studies at four Asian locations (Stone et al. 2012) . However, no organosulfates were observed in our study, even with the UPLC/ESI-TOFMS method that is suitable for organosulfate detection. Organosulfate formation is suggested to be efficient from acid-catalyzed reactions of epoxides or radical-radical reactions . Galloway et al. (2009) reported that organosulfates were observed to form only under irradiated conditions. Noziere et al. (2010) reported organosulfate formation from MVK under irradiated conditions. Although it has been reported that biogenic alkenes (Liggio and Li 2008) and aldehydes (Liggio et al. 2005; Surratt et al. 2007) can also lead to organosulfate formation under extremely dry conditions (RH<10 %), the efficiency of organosulfate formation from the conjugated ketone (MVK) as in this study is unknown at the lowest RH (40 %) used here. Another possible reason is that organosulfates may be formed but were removed by the SPE cartridges during washing.
3.8 The effect of particle acidity on product formation Table 2 summarizes the observed oligomers by UPLC/ESI-TOFMS and GC-MS with different particles and at different RH conditions. The particle acidity was varied in two ways: i) changing the types of acidic particles at constant RH and ii) changing the RH with the same type of acidic particles. Among the three types of particles used, the order of particle acidity is AS<ABS<SA at the same RH. High-order oligomers were observed from reactions with acidic ABS and SA particles but not with slightly acidic AS particles. The products observed in ABS experiments were formed via acid-catalyzed oligomerization pathways. As particle acidity further increased from acidic ABS particles to strongly acidic SA particles, aldol reactions also led to aldol products, in addition to the acid-catalyzed oligomerization pathways. Overall, increased particle acidity in term of the types of acidic particles can enhance the formation of oligomers from different reaction pathways.
Secondly, the particle acidity in term of RH also plays a role in the reactions. For example, for SA particles, tetramers were formed at 40 % RH (Table 2) . At 80 % RH, higher MW oligomers, such as hexamers, were formed via hydration followed by acidcatalyzed oligomerization. It is suggested that the formation of higher order oligomers from the pathway of hydration followed by acid-catalyzed oligomerization is more favorable under high RH conditions with the same type of acid particles because more hydrated products are formed, which in turn facilitate the subsequent reactions. Conversely, aldol reaction with dehydration (aldol condensation) is more favorable under low RH conditions with SA particles. Aldol condensation products such as AD122 and AT192, which are formed by removal of water molecules from aldol, were found only at 40 % RH, owing to the more favorable release of water molecules under drier conditions. D158  D158  D158  D158   T298  T298  T298  T298  H438  AD140 a Abbreviations of product ID can be referred to caption in Table 1 4 Conclusions and implications
We have investigated acid-catalyzed reactions of MVK on idealized ambient aerosol particles. Oligomeric products are observed from reactions on ABS and SA particles, while no oligomeric products are observed for AS particles. Two reaction pathways are proposed: i) acid-catalyzed aldol reactions with and without dehydration and ii) acid-catalyzed hydration followed by oligomerization. Several conclusions can be drawn from our experiments: (1) formation of oligomeric products is not favorable with slightly acidic AS particles at both high and low RH conditions; (2) increased particle acidity from ABS to SA can lead to aldol reactions in addition to oligomerization and lead to increase in the types of oligomers; (3) acid-catalyzed oligomerization is more favorable under higher RH conditions; (4) aldol condensation of MVK with SA particles is more favorable at lower RH conditions. We show a strong acidity and RH dependence on reaction mechanisms. It should be noted that although no observable products are found for slightly acidic AS particles, it is possible that some oligomers are reversible and decomposed during the analytical process. The degree of neutralization of sulfuric acid and the level of RH are two crucial parameters in the acid-catalyzed reactions of MVK. For the partially neutralized acidic particles (ABS), hydration followed by oligomerization is favorable and leads to higher-order oligomers at high RH (80 %) conditions with the same type of acidic particles. In the atmosphere, sulfuric acid particles would likely be at least partially neutralized by ammonia, although ammonium to sulfate molar ratios of less than two have been commonly observed (Pathak et al. 2004 (Pathak et al. , 2009 Zhang et al. 2007 ). Therefore, hydration followed by oligomerization should be considered as potentially important under ambient conditions. Furthermore, the observation that oligomerization of hydrates of MVK are observed in reactions on ABS particles suggests that an acid catalyst is essential for the hydration to occur to an extent that favors further reactions. This implies that other particle-phase reactions, such as aqueous-phase oxidation, which also involves hydration of carbonyl compounds Ervens et al. 2011) , could also be accelerated under mild acidic conditions. On the other hand, reactions on SA particles results in oligomeric products by aldol reaction with and without dehydration. Dehydration is more favorable under low RH conditions. It is important to note that a high concentration (∼50 ppm) of MVK was used in this study to facilitate sufficient product identification. Most of the mechanisms involve bi-molecular reactions, and thus will exhibit a strong dependence on the concentration of the gaseous precursor. Nevertheless, the current study identifies acidcatalyzed reaction products of MVK, two important acid-catalyzed reaction pathways and the conditions that facilitate them. Further study of acid-catalyzed reactions in the presence of oxidants in the system will require increasing the knowledge of atmospheric chemistry and extension of current study knowledge to a complex atmospheric system.
